A three-stage genome-wide association study recently identified single nucleotide polymorphisms (SNPs) in five loci (fibroblast growth receptor 2 (FGFR2), trinucleotide repeat containing 9 (TNRC9), mitogen-activated protein kinase 3 K1 (MAP3K1), 8q24, and lymphocyte-specific protein 1 (LSP1)) associated with breast cancer risk. We investigated whether the associations between these SNPs and breast cancer risk varied by clinically important tumor characteristics in up to 23,039 invasive breast cancer cases and 26,273 controls from 20 studies. We also evaluated their influence on overall survival in 13,527 cases from 13 studies. All participants were of European or Asian origin. rs2981582 in FGFR2 was more strongly related to ER-positive (per-allele OR (95%CI) = 1.31 (1.27-1.36)) than ER-negative (1.08 (1.03-1.14)) disease (P for heterogeneity = 10 213 ). This SNP was also more strongly related to PR-positive, low grade and node positive tumors (P = 10 25 , 10 28 , 0.013, respectively). The association for rs13281615 in 8q24 was stronger for ER-positive, PR-positive, and low grade tumors (P = 0.001, 0.011 and 10 24 , respectively). The differences in the associations between SNPs in FGFR2 and 8q24 and risk by ER and grade remained significant after permutation adjustment for multiple comparisons and after adjustment for other tumor characteristics. Three SNPs (rs2981582, rs3803662, and rs889312) showed weak but significant associations with ER-negative disease, the strongest association being for rs3803662 in TNRC9 (1.14 (1.09-1.21)). rs13281615 in 8q24 was associated with an improvement in survival after diagnosis (per-allele HR = 0.90 (0.83-0.97). The association was attenuated and non-significant after adjusting for known prognostic factors. Our findings show that common genetic variants influence the pathological subtype of breast cancer and provide further support for the hypothesis that ER-positive and ER-negative disease are biologically distinct. Understanding the etiologic heterogeneity of breast cancer may ultimately result in improvements in prevention, early detection, and treatment. This is an open-access article distributed under the terms of the Creative Commons Public Domain declaration which stipulates that, once placed in the public domain, this work may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for any lawful purpose.
Introduction
Breast cancers vary greatly in clinical behavior, morphological appearance, and molecular alterations. Accumulating epidemiologic data also suggest that different types of breast cancers have different risk factor profiles and thus might result from different etiologic pathways (which might be shared by different tumor types or be type specific). Notably, age-specific incidence rates [1] and the strength of the associations with known risk factors for breast cancer [2] [3] [4] differ by clinically important tumor characteristics. Evidence that genetic factors can also influence tumor type is provided by the fact that carriers of highly penetrant mutations in BRCA1 are more likely to be diagnosed with basal breast tumors which are estrogen receptor (ER) negative, progesterone receptor (PR) negative and HER2 negative [5] . This raises the possibility that other susceptibility loci may also be associated with specific subtypes of breast cancer.
We recently performed a two-stage genome-wide association study (GWAS) in 4,398 breast cancer cases and 4,316 controls, followed by a third stage in 21,860 cases and 22,578 controls from 22 studies, identifying single nucleotide polymorphisms (SNPs) in 5 loci associated with breast cancer risk [6] . Of the five loci identified, 4 were within genes or linkage disequilibrium (LD) blocks containing genes, including: 1) rs2981582 in the FGFR2 gene coding for a receptor tyrosine kinase that plays an important role in mammary gland development [7] , has been implicated in carcinogenesis [8] , and is amplified [9] [10] [11] or over-expressed [12] in up to 10% of breast tumors; 2) rs3803662 in a LD block containing TNRC9 (also known TOX3) and the hypothetical gene LOC643714; 3) rs889312 in a LD block containing MAP3K1 and two hypothetical genes (MGC33648 and mesoderm induction early response 1, family member 3 (MIER3)); and 4) rs3817198 in the LSP1 gene. The fifth SNP (rs13281615) lies on a region of 8q24 that does not contain known genes, but has multiple independent variants associated with prostate [13, 14] and colorectal [15] [16] [17] [18] cancer risk. Two additional genome wide association studies also recently identified SNPs in FGFR2 [19] and TNRC9 [20] as breast cancer susceptibility loci.
We used the large data resource provided by the Breast Cancer Association Consortium (BCAC) to evaluate the hypothesis that tumor characteristics modify the association between breast cancer risk and the low penetrant susceptibility loci recently identified [6] . Determining whether breast cancer risk factors are linked to tumors with specific clinical presentations, pathologic characteristics or mechanisms of development may provide a gateway for developing tailored prevention and early detection strategies. In addition, we evaluated whether these genetic factors affect overall survival after diagnosis of breast cancer, either independently or through their association with tumor characteristics of clinical importance.
Materials and Methods

Study Populations
Cases and controls were identified through 21 case-control studies in Europe, North America, South-East Asia and Australia, participating in the BCAC (see Table S1 for description of study populations). All of these studies, except for two Germany studies (Mammary Carcinoma Risk Factor Investogation (MARIE), Genetic Epidemiology Study of Breast Cancer by Age 50 (GESBC)), were included in our previous publication [6] (the ORIGO study was previously referred to as LUMCBCS), and provided information on disease status, age at diagnosis/ enrollment, ethnic group (European, Asian, other), first degree family history of breast cancer and bilaterality of breast cancer. Twenty studies with a total of 23,839 invasive breast cancer cases and 26,928 controls also provided data on tumor characteristics (i.e. histopathologic subtype, ER and PR receptor status, tumor size, grade, nodal involvement or stage; see Table S2 for data sources). Of these, 800 cases and 655 controls were excluded from analyses because of failures in genotyping quality control (see details under Genotyping) or because they belonged to ''other'' ethnic groups with few subjects. Data on survival after diagnosis was available for 13,527 cases participating in 13 studies (after excluding failures in genotype QC and ''other'' ethnicities), including the USRT study, which lacked data on tumor characteristics (Table S4) . Overall, 95.6% of cases and 96.7% of controls were of European origin. The mean ages were 56 years for cases and 57 years for controls.
The distribution of tumor characteristics by study among the 23,039 ( = 23839-800) cases from 20 studies with pathology information is shown in Table S4 . Data pertaining to the first tumor detected were used for women with bilateral disease. Data related to histological subtype was available for 86% of the cases (18 studies), ER status for 74% (20 studies), PR status for 62% (18 studies), tumor grade of differentiation for 70% (17 studies), nodal involvement for 65% (17 studies), tumor size for 35% (9 studies), and stage at diagnosis for 68% (11 studies). A total of 1,487 of the 23,039 cases were excluded because they had missing information on all tumor characteristics, leaving 21,552 cases and 26,273 controls of European or Asian origin available for analyses by tumor characteristics. The actual number of cases and controls included in each analysis, after excluding missing genotype data, is shown in the tables.
Genotyping
Genotyping procedures have previously been described [6] . All studies genotyped for the five SNPs with the exception of rs3803662 that was not genotyped in the KConFab study, and rs13281615 that was not genotyped in KConFab and MARIE studies. Any sample that could not be scored on 20 percent of the SNPs attempted was excluded from analysis. We also removed data for any center/SNP combination for which the call rate was less than 90 percent. In any instances where the call rate was 90-95 percent, the clustering of genotype calls was re-evaluated by an independent observer to determine whether the clustering was sufficiently clear for inclusion. We also eliminated all of the data for a given SNP/center where the reproducibility in duplicate samples was ,97 percent, or where there was marked deviation from Hardy-Weinberg equilibrium in the controls (p,.00001).
Statistical Analyses
Polytomous logistic regression was used to estimate adjusted odds ratios (OR) and associated 95 percent confidence intervals (CI) as measures of association between genotypes and risk of breast cancer subtypes (comparing case subtypes to all controls). All models included terms for study (dummy variables). Further adjustment for age at diagnosis/enrollment did not substantially influence OR estimates (data not shown). We estimated the association for each SNP in terms of genotype-specific ORs and
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per-allele ORs (assuming a log-additive model). Heterogeneity between genotype odds ratios for different tumor subtypes was assessed using logistic regression analyses restricted to cases (caseonly analyses) with the tumor characteristic as the outcome variable. For tumor subtypes with more than two levels (i.e. grade, size, stage), we used a polytomous logistic regression model constraining the effect size to increase linearly across levels (e.g. the parameter for grade 3 vs grade1 = 2*grade2 vs grade1). To evaluate which of several correlated tumor features was most important in determining genotype associations, we fitted logistic regression models with one of the tumor features as the outcome and the genotype and other tumor features as explanatory variables.
Survival analyses were based on 13,527 breast cancer cases from 13 studies with available follow-up data. Univariate analyses for each SNP were carried out by estimating Kaplan-Meier survival curves stratified by genotypes, and by fitting Cox proportional hazards regression models adjusting for study and left-truncating at date of blood draw to allow for inclusion of prevalent cases. This provides an unbiased estimate of the hazard ratio provided that the proportional hazards assumption holds. The assumption of proportional hazards was tested by visual inspection of standard log-log plots and analytically using Schoenfeld residuals. Time at risk was calculated from the date of blood sample draw to date of death or last follow-up, whichever date came first. Follow-up for all cases was censored at 10 years after the initial diagnosis because the number of cases with longer time of follow-up was relatively small, and they are likely to be a selected group of patients due to lost to follow up. A total of 1,584 deaths occurred during eligible follow-up. We also carried out analyses adjusting for other determinants of survival (age at diagnosis (continuous), ER and PR status (each dichotomous), grade (ordinal), tumor size (continuous) and nodal involvement (dichotomous)). Survival analyses were conducted for all cases combined, and separately for ER-positive and ER-negative cases. Data were analyzed using STATA v.9. for Windows (College Station, TX).
The main conclusions from our analyses are based on comparisons of five SNPs with seven correlated tumor characteristics (i.e. ER, PR, grade, nodes, size, histology and stage at diagnosis) and survival after diagnosis. We have used a permutation adjustment procedure [21] to correct P values for these 40 hypothesis tests. The tumor characteristics were permuted in a group with respect to the SNPs. In this procedure, the outcomes (i.e. tumor characteristics) were randomly assigned against the SNPs while retaining the correlation structure of the outcomes. We performed 1000 permutations to obtain the empirical distribution of P values under the null hypothesis of no association. Multiple-comparisons-permutation-adjusted P values for each of the 40 tests were calculated as the proportion of P values equal or smaller than the observed P value. 
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Association between SNPs and Breast Cancer Risk by Tumor Subtypes
Minor allele frequencies and estimates for the association between the five SNPs evaluated and overall breast cancer risk are shown in Table S5 . Stratification of tumors by ER status indicated that rs2981582 in FGFR2 had a stronger association with ERpositive (per-allele OR (95% CI) = 1.31 (1.27-1.36)) than ERnegative tumors (1.08 (1.03-1.14); P for heterogeneity of ORs = 10 213 ; Table 1; Figure 1 panel A; see Table S6 for estimates by ethnicity). Women with the homozygous variant genotype (present in 14% of controls) had a risk of ER-positive tumors 1.74 (95%CI = 1.63-1.85) times higher than those with the common homozygous genotype (present in 39% of controls) ( Table 1 ). The difference in ORs between ER-positive and ERnegative tumors is consistent across studies (Figure 1 panel A) , and it is highly significant even after permutation adjustment for multiple comparisons (P,0.001). The rs2981582 association was also stronger for other tumor characteristics associated with ER status, i.e. PR expression (P = 10 25 ) and lower grade (P = 10
28
; Table 2; Tables S7, S8 ). The associations of rs2981582 with ER, PR and grade were significant after permutation adjustment for multiple comparisons (P#0.001). The modification by ER status remained statistically significant after adjustment for PR status and grade (P = 0.002) based on data from those studies with information on all three tumor characteristics (16 studies including 10,951 cases). On the other hand, the evidence for associations with PR status became non-significant after adjustment for ER status (P = 0.45). The association with grade (Table 2 ) remained statistically significant after adjustment by ER status (P = 0.003), and after further adjustment for PR status (P = 0.030). Grouping tumors as ER and PR negative versus ER and/or PR positive tumors did not result in further discrimination of risks (data not shown).
The association of rs2981582 with breast cancer risk tended to be stronger for patients with positive (per-allele OR (95% CI) = 1.33 (1.27-1.39)) compared to negative (1.25 (1.20-1.29)) nodal involvement (P = 0.013; Table 3 ; see Table S9 for estimates by ethnicity). Although differences were small and not significant after permutation adjustment for multiple comparisons (P = 0.41), they were consistent across studies (Figure 1, panel B) . Nodal involvement was correlated with tumor grade and size, and the association between nodal involvement and rs2981582 among cases remained significant (P = 0.010) after adjustment for these Figure 1 . Per-allele odds ratios (ORs) and 95% confidence intervals (CIs) for the association between FGFR2 (rs2981582) and breast cancer by study. A. stratified by ER status, B. stratified by axillary node involvement. Studies are weighted and ranked according to the inverse of the variance of the log OR estimate for ER-positive (A) or node positive (B) tumors. P for study heterogeneity were 0.84 and 0.96, for the association with ER-positive and negative disease, respectively; and 0.64 and 0.97 for node positive and negative diseases, respectively. See Table S1 for description of the studies and acronyms. doi:10.1371/journal.pgen.1000054.g001 tumor characteristics in 9 studies with 6,204 cases. Nodal involvement and ER status were independently associated with rs2981582 in 12,374 cases from 17 studies with data on these two factors (P value for node association with rs2981582 adjusted by ER = 0.022; P = 0.75 after adjusting for multiple testing). rs2981582 showed the strongest association with node positive ER-positive tumors (29% of all tumors; per-allele OR (95% CI) = 1.37 (1.29-1.44)), followed by node negative ER-positive tumors (48% of all tumors; 1.30 (1.25-1.36)) and node positive ER-negative tumors (10% of all tumors; 1.18 (1.09-1.29) (Table  S10) . No increase in risk was observed for node negative ERnegative tumors (13% of tumors; 1.05 (0.97-1.13).
The association of rs13281615 in 8q24 with risk was also stronger for ER-positive compared to ER-negative tumors (P = 0.001; Table 1; Figure S1 ). This SNP also showed a stronger association with PR-positive than negative tumors (P = 0.011; Table S7 ) and lower tumor grade (P = 10 24 ; Table S8 ). Only the associations of rs13281615 with ER and grade, but not with PR, were significant after permutation adjustment for multiple comparisons (P = 0.037, 0.016, 0.35, respectively). The associations with ER and grade were significant after adjustment for each other (P = 0.029 for ER adjusted for grade and 0.035 for grade adjusted for ER in 15 studies with 11,419 cases with data on ER and grade), while the association with PR was not significant after ER adjustment (P = 0.31). The association of rs3803662 in TNRC9 and breast cancer was also significantly modified by ER status (P = 0.015; Table 1 )) and grade (P = 0.018; Table 2 ). However, these differences were not significant after permutation adjustment for multiple comparisons (P = 0.42 for ER, 0.50 for grade), or when adjusted for each other in 16 studies with 13,075 cases with data on ER and grade (P = 0.11 for ER adjusted by grade, and P = 0.37 for grade adjusted by ER).
Three SNPs (rs2981582 in FGFR2, rs3803662 in TNRC9 and rs889312 in MAP3K1) were associated with significant increases in risk of ER-negative tumors (Table 1) , although to a lesser extent than ER-positive tumors. Of these SNPs, rs3803662 showed the strongest association with ER-negative tumors: women with the homozygous variant genotype (present in 8% of controls) had a 1.28 (95%CI = 1.13-1.45) higher risk of developing ER-negative disease than women with the common homozygous genotype (present in 53% of controls) ( Table 1) .
No significant modification of the ORs was observed for stage at initial diagnosis for any of the 5 loci (Table S13) . Of note, rs889312 in MAP3K1 and rs3817198 in LSP1 were not associated with any of the tumor characteristics (Tables S6, S7, S8, S9 and S11, S12, S13). Modification of ORs by tumor characteristics generally followed similar patterns for Europeans and Asians, although the number of Asians was substantially smaller, and thus most differences by tumor type were not statistically significant. An exception was the presence of stronger associations with larger tumors for rs889312 in MAP3K1 (P = 0.015; Table S11) in Asian but not in European populations.
Survival Analyses
The average time at risk (i.e. date of blood sample draw to date of death, last follow-up or censored time, whichever date came *** first) among 13,527 breast cancer patients in 13 studies was 6.0 years with a range between ,1 and 10 years in individual studies. Cases were followed-up for a total of 54,716 person-years with the occurrence of 1,515 deaths from any cause (Table S3) . As expected, survival was poorer for patients with ER negative, PR negative, higher grade and larger tumors and in patients with positive nodes ( Figure S2 ). No differences in survival by genotype were found, except for possibly better survival in patients with the variant allele in rs13281615 at 8q24 (unadjusted per-allele HR (95%CI) = 0.90 (0.83-0.97), P = 0.009; Table 4 ). This association was no longer significant after adjustment for ER status, grade and age at diagnosis (adjusted HR = 0.92 (0.83-1.01), Table 4 ). Weaker evidence of poorer survival was observed in patients diagnosed with ER-negative tumors carrying the variant allele in rs3803662 (P = 0.071). This association was independent of grade and age at diagnosis (adjusted per-allele HR (95%CI) = 1.19 (0.98-1.44); Table 4 ; Figure S3 ).
Discussion
This report has demonstrated that common genetic variants that predispose to breast cancer may also be linked to clinically important characteristics of tumors, including size, grade, ER and PR status, and nodal involvement. A major strength of our study is the large sample size after pooling data from multiple studies with information on tumor characteristics, which allowed for precise estimates of relative risk by most tumor subtypes.
The most notable finding was for rs2981582 located in FGFR2, which showed a stronger association with ER-positive than ERnegative tumors (P = 10 213 ), with lower than higher grade tumors (P = 10 28 ) and with node positive than negative tumors (P = 0.013). This SNP was significantly associated only with ERnegative tumors that involved lymph nodes. rs2981582 also showed stronger associations with PR-positive tumors but this association was not independent of ER status. The stronger association with ER-positive tumors is supported by previous observations indicating that FGFR2 is involved in estrogen-related breast carcinogenesis [22] [23] [24] [25] , and that levels of expression of the receptor are higher in ER-positive than ER-negative cell lines [26] and tumors [27] .
We have shown previously that the causative variant in FGFR2 is likely to be one of six variants correlated with rs2981582 in a region of intron 2 containing multiple transcription factor binding sites. This suggests that the association with breast cancer risk may be mediated through differential levels of FGFR2 expression [6] . In addition, as FGFR2 has been shown to be overexpressed or amplified only in a small percentage of breast cancers [9, 10, 24] , it is possible that the association with breast cancer risk could be stronger and more clinically relevant for the small subset of tumors that express high levels of the receptor. Epidemiological studies stratifying by levels of tumor expression of FGFR2 , its ligands or co-factors may clarify the role of FGFR2 variation in breast cancer risk.
rs13281615 in 8q24 was also more strongly associated with ERpositive and lower grade tumors, although differences were smaller than for rs2981582 in FGFR2. Other independent variants in the 8q24 region which does not contain known genes, have been associated with prostate cancer risk [11, 13, 14] ; however, the mechanisms for the associations with these cancers are unknown. A recent GWAS comprising five studies with 4,533 cases and 17,513 controls (including samples from the MEC study in this report) showed the risk from rs3803662 in TNRC9 to be significantly greater in ER-positive tumors [20] . Our data also showed a stronger association with ER-positive than ER-negative tumors, but the difference was smaller and not statistically significant based on the analysis of 12,832 cases and 22,356 controls from 18 studies. Moreover, this SNP showed the strongest association with ERnegative disease among the five evaluated. Future studies might reveal stronger associations between these SNPs and tumor subtypes defined by different markers, or perhaps molecular subtypes previously defined by gene expression profiling [28, 29] . It is possible that our study preferentially detected SNPs associated with ER-positive rather than ER-negative disease, since the majority of breast cancer cases in the initial GWAS were ER positive. This raises the possibility that genome-wide association studies focusing on the less common breast tumor subtypes may identify different risk loci. Of particular importance might be SNPs identified in studies of basal tumor subtypes since they are often clinically aggressive and difficult to treat effectively, and have been associated with germline mutations in BRCA1 [5, 28] .
Differences in the design, source of information on tumor characteristics and criteria to classify tumors across studies could lead to heterogeneity of findings by study, which limits the ability to detect modification of genotype associations by tumor characteristics. However, findings were generally consistent across studies ( Figure 1 and Figure S1 ), particularly for the FGFR2 (rs2981582) association by ER status, arguing for the robustness of our results. Genotype associations with risk of breast cancer were similar for subjects with and without information on tumor characteristics (data not shown), indicating that missing information is unlikely to substantially affect our results.
None of the five SNPs included in this report had a significant association with overall survival independent of their associations with known prognostic factors. Only rs13281615 in 8q24 was significantly associated with survival in unadjusted analyses. Adjustment for ER status and grade resulted in a weaker, nonsignificant association with survival, suggesting that the increased survival is partially mediated through the higher probability of developing tumors with favorable prognostic characteristics. Any SNP effect on overall survival, if mediated through known prognostic tumor characteristics, would be expected to be small because of the small magnitude of risk differences by tumor subtypes; thus the power to detect a difference in survival would be low. For instance, at a type I error rate of 0.01, the power to detect alleles with minor allele frequency (MAF) = 0.3 that confer a perallele HR of 1.1 is only 40%. Another limitation of the survival analyses is that relapse or disease-specific mortality data were not available for most studies and use of all cause mortality as the end point may further reduce power. Finally, any impact of SNPs on survival may interact with treatment, particularly adjuvant chemotherapy, or other determinants of survival such obesity. However, this could not be evaluated since information on treatment or other factors affecting survival was not available.
We have shown that there is heterogeneity in the risk of different tumor types for common breast cancer susceptibility alleles, with the clearest difference being in the relative risk of ERpositive and ER-negative tumors for the variant in FGRF2. Other differences were observed, however, the weight of evidence was weaker and needs further confirmation in additional studies. These findings provide further support for the notion that ER-negative and ER-positive tumors result from different etiologic pathways, rather than different stages of tumor evolution within a common carcinogenic pathway [30] . The magnitude of the observed differences is small, and by themselves these findings are unlikely to have any immediate clinical implications. However, the observed differences provide clues to the biological mechanisms that underpin tumor heterogeneity, which may ultimately lead to improved treatment and prevention. Figure S1 Per-allele odds ratios (ORs) and 95% confidence intervals (CIs) for the association between SNPs and breast cancer by study, stratified by ER status. Studies are weighted and ranked according to the inverse of the variance of the log OR estimate for ER-positive tumors. P for study heterogeneity for the association with ER-positive/ER-negative disease, respectively, were 0.77/ 0.99 for rs3803662; 0.72/0.29 rs889312; 0.55/0.31 for rs13281615; and 0.55/0.46 for rs3817198. See Table S1 for description of the studies and acronyms. 
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